Dysbindin-1 regulates D2-receptor trafficking and is implicated in schizophrenia and related cognitive abnormalities, but whether this molecular effect mediates the clinical manifestations of the disorder is unknown. We explored in dysbindin-1-deficient mice (dysÀ/À) (1) schizophrenia-related behaviors, (2) molecular and electrophysiological changes in medial prefrontal cortex (mPFC) and (3) the dependence of these on D2-receptor stimulation. Dysbindin-1 disruption altered dopamine-related behaviors and impaired working memory under challenging/stressful conditions. DysÀ/À pyramidal neurons in mPFC layers II/III were hyperexcitable at baseline but hypoexcitable following D2 stimulation. DysÀ/À were also respectively more and less sensitive to D2 agonist-and antagonist-induced behavioral effects. DysÀ/À had reduced expression of Ca 2 þ /calmodulin-dependent protein kinase II (CaMKII) and CaMKKb in mPFC. Chronic D2 agonist treatment reproduced these changes in protein expression, and some of the dysÀ/À behavioral effects. These results elucidate dysbindin's modulation of D2-related behavior, cortical activity and mPFC CaMK components, implicating cellular and molecular mechanisms of the association of dysbindin with psychosis.
Introduction
Dysbindin-1, hereafter referred to as dysbindin, is encoded by the dystrobrevin-binding protein 1 gene (DTNBP1), is located in synaptic sites throughout human and mouse brain 1 and has been implicated in the regulation of exocytosis and vesicle biogenesis in endocrine cells and neurons. 2 Genetic variations in DTNBP1 impact human cognitive abilities. 3, 4 Moreover, several studies have associated DTNBP1 genetic variations with risk for schizophrenia, [5] [6] [7] and reduced dysbindin gene and protein expression have been reported in the hippocampus and prefrontal cortex (PFC) of schizophrenic patients. [8] [9] [10] [11] These changes might be linked to risk associated variation in the gene. 12 Decreased dysbindin protein levels in schizophrenia have been consistently reported, though contrasting evidence exists for changes in mRNA expression. [8] [9] [10] [11] Reduced dysbindin levels have also been linked to increased D2-receptor abundance on the neuronal surface in mice and in cell culture, 13, 14 suggesting a potential pathophysiological link to psychosis, which has long been thought to involve D2 mechanisms. 15 Dopamine (DA) signaling is critical for modulating higher order cognitive functions, impacting many domains of human behavior, thought and emotion. 16 Dysbindin mRNA and protein are present in the substantia nigra pars compacta, 1 where DA neurons are abundant. Knockdown of dysbindin in PC12 cells increases DA release, and dysbindin overexpression tends to have the opposite effect, whereas neither manipulation impacts total tissue DA levels. 17 Sandy (sdy) mice, which bear a spontaneous genetic deletion in the Dtnbp1 gene that results in the complete loss of dysbindin protein, 18 display a higher homovanillic acid/DA ratio compared with normal wild-type mice in cortico-limbic brain regions. 19 Downregulation of dysbindin in human Sh-SY5Y neuroblastoma cells, rat primary cortical neurons and in dysbindin mutant mice, all cause increased cell surface DA D2-receptor abundance, through enhanced recycling and insertion of D2 receptors into the neuronal membrane. Consequently, downregulation of dysbindin strengthens D2 signaling, whereas D1 receptors are unchanged.
Thus, dysbindin may regulate DA signaling pre-and post-synaptically by modulating DA release and turnover and D2 receptors cell surface cycling. In addition to its role in DA signaling, dysbindin has been implicated in regulating both pre-and postsynaptic aspects of glutamatergic signaling and synaptic stability, [20] [21] [22] which represent further potential pathogenic components of psychosis.
To elucidate the potential impact of these molecular effects of dysbindin on cognitive function, emotional arousal and the neurobiological basis of altered behavioral phenotypes, we have performed a series of experiments in dysbindin mutant mice to test the behavioral, pharmacological, electrophysiological and molecular implications of reduced dysbindin expression in the context of altered DA signaling. The dysbindin-1 null mutant mouse is an animal model of reduced dysbindin protein expression reported in schizophrenia. 1, [8] [9] [10] [11] 23 In addition to cognitive and behavioral tests thought to model schizophreniaassociated behaviors, we also examined the impact of dysbindin genetic modifications on neuronal excitability in the superficial layers of mPFC and the cortical expression of components of the Ca 2 þ / calmodulin-dependent protein kinase (CaMK) superfamily. We investigated the expression of CaMK components because of their roles in learning and memory processes 24 and in DA trafficking in the brain. [25] [26] [27] [28] Moreover, we also investigated the behavioral and CaMK molecular changes following pharmacologic manipulations of DA/D2 pathways and compared them with the effects of reduced dysbindin expression. Our results support the view that dysbindin may add to risk for psychosis by disrupting DA/ D2-related mechanisms regulating cortical function and neuronal excitability.
Materials and methods

Subjects
All procedures were approved by the National Institute of Mental Health Animal Care and Use Committee and followed the NIH Guidelines 'Using Animals in Intramural Research.' Sdy is an autosomal recessive coat mutation that occurred spontaneously in the inbred DBA/2J strain in 1983 at The Jackson Laboratory. The mutation present in our mice was transferred to the C57BL/6J (B6) genetic background by 11 generations of backcrossing into B6 at The Jackson Laboratory and National Institute of Mental Health. The purpose of this backcrossing procedure was to remove the effects on behavior and DA function of the native sdy mouse background strain (DBA/2J), which has been shown to have abnormal behavioral phenotypes referable to the DA system. 29 In particular, previous reports have shown that on the DBA/2J genetic background, sdy mice exhibit strong locomotor activity and coordination deficits, as demonstrated by poor performance in the rotarod test and even death during a forced swimming test. 30 Also, DBA/2J mice are impaired in y burst long-term potentiation, in aspects of learning and memory, have higher dopaminergic activity in the forebrain, and are homozygous for four other mutations (cadherin, glycoprotein, tyrosinase-related protein 1 and hemolytic complement) compared with B6 mice. 29, 31, 32 Therefore, the role of the dysbindin mutation is potentially confounded when studied on the DBA/2J genetic background. 1, 23 In these experiments, we used male littermates that were dysbindin-1 null mutant (dysÀ/À), heterozygous (dys þ /À), and wild-type (dys þ / þ ) bred by a heterozygous (dys þ /À Â dys þ /À) mating strategy. Genotypes were identified by PCR analysis of tail DNA (for details see Supplementary Information and Supplementary Figure 10 ).
Behavioral tasks, immunoblotting and electrophysiology Experiments were performed as previously described. 14, 27, 33 In the discrete paired-trial variabledelay T-maze task, mice were presented with a sequence of randomly chosen forced runs, each followed by a choice run so that they were required to integrate information held online (the forced run) with the learned rule (non-match to sample). In the spatial T-maze task of reference memory, we used the same T-maze apparatus but mice were only required to acquire a simple spatial rule: the same arm of the maze was baited on every trial. For detailed information on behavioral testing, immunoblotting and electrophysiological methods, see Supplementary Information.
Acute treatment with a dopaminergic D2-receptor agonist (quinpirole) and antagonist (eticlopride) Mice were injected intraperitoneally, in a volume of 10 ml kg À1 of body weight. Within each genotype, mice were assigned to receive an injection of vehicle (0.9% saline) or eticlopride (Sigma-Aldrich, St Louis, MO, USA; either 0.1 or 0.5 mg kg
À1
) and vehicle or quinpirole (LY-171,555; Sigma-Aldrich; either 0.5 or 1 mg kg À1 ), according to a full Latin-square design, wherein each mouse was randomly treated with all of the agonist/antagonist doses used and twice with vehicle. At least 1 week elapsed between exposures to the different drug doses. Mice were injected immediately before the test.
Chronic treatment with the dopaminergic D2-receptor agonist quinpirole To determine the effect of the chronic quinpirole treatment on mPFC molecular measures, naive wildtype (dys þ / þ ) mice were repeatedly treated for 15 consecutive days with vehicle or one of two doses of quinpirole, 0.5 mg kg À1 (Quin. 0.5) or 1 mg kg
(Quin. 1). The brains of these mice were removed 75 min after the final injection, and the mPFC was dissected and stored at À80 1C. The dissected cortical area refers to medial PFC, which comprise anterior cingulate, prelimbic and infralimbic cortices. Note that the rodent prelimbic cortex is considered the nearest homolog of the dorsolateral PFC in humans. 34 Dysbindin and D2-mediated effects F Papaleo et al
To evaluate the effect of chronic quinpirole treatment on behavioral measures, naive B6 wild-type (dys þ / þ ) mice were treated daily with vehicle or 0.5 mg kg À1 (Quin. 0.5). The behavioral tests were performed exactly as reported for the dysbindin mutant mice and started after 12 days of treatment. Mice were injected 60 min before the start of the behavioral tests.
Statistical analysis
Results are expressed as mean±standard error of the mean (s.e.m.) throughout. Two-tailed Fisher's exact analyses and one-or two-way analysis of variance were used. For details see Supplementary Information. Post hoc analyses for individual group comparisons used Newman-Keuls analyses. The accepted value for significance was Pp0.05.
Results
Faster acquisition but worse working memory performance in dysbindin mutant mice DysÀ/À and þ /À mice have undetectable and reduced dysbindin protein levels, respectively. 1, 18, 23 Reduced dysbindin levels did not affect the general health and sensorimotor abilities (including physical and reflex functions) of genetically modified mice (Supplementary Table 1) . 1 Working memory deficits have been described as core cognitive features of schizophrenia and are related to PFC DA function. 35 Human subjects carrying dysbindin-risk haplotypes for schizophrenia manifest cognitive dysfunction 3 and deficits in spatial working memory performance. 36 We therefore tested dysÀ/À, þ /À and þ / þ littermates in an mPFC-dependent spatial working memory T-maze task. 27, 33 DysÀ/À, þ /À and þ / þ mice readily learned to run quickly through the maze to retrieve the reward (F 1,29 = 119.46, P < 0.0001; Figure 1a) , with no genotype differences (F 2,29 = 1.41, P = 0.26). However, dysÀ/À acquired the task in fewer days than þ / þ littermates (F 2,29 = 4.50, P < 0.05; Figure 1b) . Thus, disruption of the dysbindin gene resulted in faster acquisition of this working memory task.
Mice were then tested in the discrete paired-trial T-maze paradigm under more demanding conditions consisting of four different intra-trial delays distributed over 16 trials a day, instead of 10 (increasing handling), with inter-trial delays reduced to 20 s instead of 20 min (increasing proactive interference). 27 All groups displayed the same delaydependent performance, progressively increasing the number of mistakes with longer delays (F 3,112 = 20.12, P < 0.0001; Figure 1c ) with dysÀ/À and þ /À mice showing overall worse performance compared with þ / þ mice considering all delays used (main effect of genotype: F 2,112 = 2.97, P = 0.05; post hoc: P = 0.05 and P = 0.09, respectively). Thus, although genetic modification resulting in reduced dysbindin levels produced cognitive advantages in the acquisition of this mPFC-dependent working memory task, dysbindin reduction tended to impair working memory performance under more challenging conditions.
Mild stress exacerbates working memory deficits in dysbindin mutant mice Mild uncontrollable stressors impair PFC working memory function and increase PFC DA levels. 37, 38 Therefore, we further tested these same mice under mildly stressful conditions consisting of housing each mouse in an empty clean new cage instead of their home cage during the test. When the new cage stress was introduced, the percentage of correct choices at the different intra-trial delays revealed a strong genotype effect with the short delays of 4 and 30 s (F 2,56 = 5.26, P = 0.01) and a main effect of the choice delays (F 3,112 = 10.78, P < 0.0001). All groups displayed delay-dependent performance deterioration, but both dysÀ/À and þ /À mice displayed impaired performance compared with þ / þ littermates with the 4-and 30-s intra-trial interval (P < 0.05; Figure 1d ). This profile suggests that under more stressful conditions, the detrimental effects of the Dtnbp1 mutation on working memory performance are exacerbated. Finally, the cognitive deficits seen in dysbindin mutant mice appear to be relatively specific to the working memory task as demonstrated by normal performance in a spatial T-maze paradigm for reference memory and in olfactory discrimination in the habituation/dishabituation test (see Supplementary Information and Supplementary Figures 1  and 2 ).
Acoustic startle and prepulse inhibition are increased in dysbindin mutant mice The acoustic startle response is enhanced in human patients suffering from anxiety and stress-related disorders 39 and is correlated with stress reactivity in mice. 27 Moreover, abnormal prepulse inhibition (PPI) of an acoustic startle stimulus is found in patients with schizophrenia. 40 Thus, we explored the startle response and PPI in dysbindin mutant mice. As compared with dys þ / þ and þ /À littermates, dysÀ/À mice showed higher acoustic startle reactivity to the 120-dB stimulus (genotype Â acoustic sound interaction effect: F 2,40 = 6.97, P = 0.005; post hoc on interaction: P < 0.005), whereas the levels of basal activity in the apparatus when no stimulus was presented did not differ (post hoc on interaction: P = 0.84; Figure 1e ). Analysis of PPI of a 120-dB acoustic startle stimulus showed a main genotype effect (F 2,40 = 6.60, P < 0.005; Figure 1f ), with À/À mice displaying more PPI than þ / þ (P < 0.005) and þ /À (P < 0.05) mice. A trend for a genotype Â prepulse intensity interaction was detected (F 8,160 = 1.80, P = 0.08), with À/À mice displaying more PPI than þ / þ mice with 74, 86 and 90 prepulse sound levels (P < 0.05; Figure 1f ). Thus, these results indicate that genetic modifications resulting in reduced dysbindin levels increase reactivity to stressful events, though the pattern of effects is not consistent with PPI deficits seen in patients with schizophrenia.
Higher baseline locomotor activity but normal amphetamine-induced hyperlocomotion in dysbindin mutant mice Hyperactivity and increased amphetamine sensitivity are considered as a rodent correlate of schizophrenialike positive symptoms. 41 To test whether dysbindin genetic modification may affect general measures of locomotor activity and locomotor activity following amphetamine treatment, we tested dysÀ/À, þ /À and þ / þ littermates in an open field arena. DysÀ/À mice were more active than þ /À and þ / þ mice in the novel environment. Moreover, dysÀ/À mice showed increased number of rearing events during the first On the following day, dysÀ/À mice were again more active than þ / þ . However, amphetamine injection (0.75 mg kg . These results indicate that dysbindin genetic disruption produces a hyperactive phenotype, consistent with previous findings, 31 but does not affect the responses to amphetamine. DA/D2-receptor modulation of acoustic startle and PPI in wild-type and dysbindin mutant mice We explored if and how acute injection of a DA/D2 antagonist (eticlopride) and an agonist (quinpirole) might differently affect acoustic startle and PPI responses in the dysbindin mutant mice.
The analysis of the acoustic startle reactivity to the 120-dB stimulus following vehicle or eticlopride injection revealed a treatment-dose effect (F 2,141 = 3.86, P < 0.05). Post hoc analysis revealed that in dys þ / þ mice eticlopride increased startle reactivity (P < 0.05; Figure 2a) . No treatment-dependent differences were present for þ /À (P = 0.40; Figure 2a ) or À/À littermates (P = 0.54; Figure 2a ). For basal activity, a treatment-dose effect was present (F 2,141 = 3.34, P < 0.05). Dys þ /À showed an effect of the higher eticlopride dose to decrease the basal activity (P < 0.05; Figure 2c ), whereas no treatmentdependent differences were present for þ / þ (P = 0.44; Figure 2c ) or À/À (P = 0.56; Figure 2c ).
Analysis of PPI of a 120-dB acoustic startle stimulus showed a treatment-dose effect in dys þ / þ (F 2,39 = 5.40, P < 0.01; Figure 2e ), but not in þ /À (F 2,60 = 2.29, P = 0.11; Figure 2g ) or in À/À (F 2,42 = 0.75, P = 0.48; Figure 2i ). Dys þ / þ displayed increased PPI when treated with eticlopride as compared with vehicle (P < 0.01; Figure 2e ). Thus, acute treatment with a D2 antagonist modulated both startle and PPI in mice. Moreover, dysbindin mutant mice were more resistant to the D2 antagonist effects, in line with the evidence of increased D2 receptors following dysbindin genetic reductions.
Acoustic startle reactivity to the 120-dB stimulus following vehicle or quinpirole injection revealed a treatment-dose effect (F 2,99 = 14.61, P < 0.0001). Dys þ /À and À/À mice both showed an effect of quinpirole to decrease the startle reactivity (P < 0.05; Figure 2b ), whereas no treatment-dependent differences were present for dys þ / þ littermates (P = 0.20; Figure 2b ). For the basal activity, a treatment-dose effect was present (F 2,99 = 6.28, P < 0.005; Figure 2d ). Dys þ /À mice showed an effect of quinpirole to decrease the basal activity (P < 0.05; Figure 2d ), whereas no treatment-dependent differences were present for dys þ / þ (P = 0.24; Figure 2d ) or dysÀ/À mice (P = 0.14; Figure 2d ).
Analysis of PPI of a 120-dB acoustic startle stimulus showed a main treatment-dose effect in dys þ /À (F 2,45 = 6.64, P < 0.005; Figure 2h ), and a treatment Â prepulse sound level interaction effect in dysÀ/À (F 8,108 = 4.26, P < 0.0005; Figure 2j ), but no treatment effects in þ / þ (F 2,27 = 0.32, P = 0.73; Figure 2f ). In particular, the higher dose of quinpirole decreased PPI in dys þ /À mice, whereas both doses of quinpirole decreased PPI in dysÀ/À mice, compared with the vehicle treatment (P < 0.01; Figures 2h and j) . Thus, these results show that acute treatment with a D2 agonist modulates both startle and PPI and does so in a manner opposite to a D2 antagonist. Moreover, dysbindin mutant mice were more sensitive to the D2 agonist effects, consistent with the increased cell surface expression of D2 receptors shown in our earlier studies on these mice. 13, 14 In these experiments, we did not replicate the increased startle reactivity in the dysbindin mutant mice. This was related to the injection manipulations of these last experiments (Supplementary Information; Supplementary Figure 5 ) and was probably dependent on the different sensitivity to stressful events between dys þ / þ and À/À mice.
Enhanced excitability of pyramidal neurons in mPFC layer II/III of dysbindin mutant mice Dtnbp1 gene disruption produced working memory advantages under basal conditions but disadvantages under more challenging situations in an mPFCdependent T-maze task. The PFC is prominently implicated in schizophrenia pathophysiology, particularly in terms of prefrontal networks involving other cortical regions. Layer II/III pyramidal neurons are prominently involved in intracortical pathways, 42, 43 and thus have a central role in mediating working memory processes. 44 Thus, we explored the physiological role of dysbindin in layer II/III mPFC neurons with whole-cell current clamp recordings. Application of a depolarizing step (1.5 s) induced more spikes in dysÀ/À pyramidal neurons compared with dys þ / þ pyramidal neurons (P < 0.05; Figure  3a ). In contrast, there was no difference between dys þ / þ and À/À fast-spiking (FS) interneurons in the spike frequency in a range of depolarizing currents (Figure 3b) .
The change in pyramidal cell excitability prompted us to examine excitatory inputs to layer II/III pyramidal cells in mPFC slices. In the presence of the GABA A antagonist bicuculline (10 mM), the frequency of spontaneous excitatory post-synaptic currents recorded at the holding potential of À70 mV was significantly increased in dysÀ/À pyramidal cells compared with dys þ / þ pyramidal cells (Figures 3c  and d) . In contrast, no changes were found in the amplitude, rise time and decay time of spontaneous excitatory post-synaptic currents between dys þ / þ and À/À pyramidal neurons. Interestingly, the frequency of spontaneous excitatory post-synaptic currents was remarkably decreased in dysÀ/À FS interneurons compared with dys þ / þ FS cells (Figures 3c and d) . Taken together, these results suggest that dysbindin modulates layer II/III pyramidal neuron excitability and regulates excitatory inputs to layer II/III pyramidal and FS neurons.
Pyramidal neurons in mPFC layer II/III of dysbindin mutant mice are more sensitive to quinpirole excitability effects To examine the effect of dysbindin mutation on D2 responses of layer II/III pyramidal neurons, we applied the D2-receptor agonist quinpirole (10 mM) to mPFC slices and measured changes in neuronal excitability, as reflected by the number of action potentials induced by a fixed step depolarization. Consistent with previous reports, 45 the application of Dysbindin and D2-mediated effects F Papaleo et al quinpirole resulted in a decrease in firing frequency in pyramidal neurons derived from þ / þ mPFC slices (Figure 3e ). In dysÀ/À pyramidal neurons, quinpirole elicited a much greater effect on firing frequency (Figure 3e ). Time course experiments indicated that the quinpirole-induced decrease in neuronal excitability occurred faster and stronger in dysÀ/À than that in þ / þ mice (Figure 3f ). Thus, in layer II/III, dysÀ/À pyramidal neurons have higher basal excitability and respond more to D2-receptor activation
Dysbindin and D2-mediated effectscompared with pyramidal neurons of dys þ / þ , perhaps consistent with their increased D2-receptor density at the cell surface. We further examined the effect of quinpirole on excitability of GABAergic interneurons in layer II/III of the mPFC, and found increased excitability of FS GABAergic neurons after treatment of quinpirole in both dys þ / þ and À/À mice. Interestingly, there were no significant differences in the excitability of FS cells in response to quinpirole between dys þ / þ and À/À mice (Figure 3g ).
Dysbindin modulates the Ca 2 þ /calmodulin kinase superfamily in PFC DA modulation of excitatory synaptic transmission in layer II/III pyramidal neurons involve CaMKIIdependent mechanisms. 25 CaMK components also are implicated in working memory, 24 and their protein levels in mPFC correlate with the acquisition and performance of mice with a different DA altering genetic mutation (catechol-O-methyltransferase, COMT) in the same mPFC-dependent T-maze task used for the dysbindin mutant mice. 27 We therefore investigated the impact of disrupted dysbindin gene expression on mPFC levels of the different components of the CaMK family. mPFC CaMKII protein immunoreactivity was decreased in dysÀ/À mice compared with þ / þ littermates (F 2,50 = 3.21, P < 0.05; Figure 4a ). Both dysÀ/À and þ /À mice displayed lower mPFC CaMKKb protein levels of both the brain-specific heavier band (F 2,19 = 12.32, P < 0.0005; Figure 4b) , and the lighter non-specific ubiquitous band (F 2,19 = 8.48, P < 0.005; Supplementary Figures 6 and 7) . No dysbindindependent changes were found for CaMKIV and CaMKKa (Supplementary Figure 7) .
Chronic DA D2-receptor stimulation also modulates expression of Ca 2 þ /calmodulin kinase components in PFC To test whether increased stimulation of D2-receptor pathways would produce similar changes seen in the CaMK components in the mPFC of dysbindin mutant mice, we chronically treated normal wild-type (dys þ / þ ) mice with the DA D2-preferring agonist quinpirole. Analysis of mPFC CaMKII protein levels revealed a drug treatment effect (F 2,14 = 4.16, P < 0.05). In particular, both groups of dys þ / þ mice treated with two different doses of quinpirole (0.5 and 1 mg kg À1 ) displayed decreased mPFC CaMKII protein immunoreactivity as compared with vehicle-treated littermates (Pp0.05; Figure 4c ). Both Quinpirole 0.5-and Quinpirole 1-treated mice showed decreased mPFC CaMKKb protein levels (F 2,15 = 10.16, P < 0.005; Figure 4d ). No quinpirole-dependent changes were found for CaMKIV and CaMKKa (Supplementary Figure 8) . These results dramatically parallel the changes in CaMK components derived from reduced dysbindin gene expression, suggesting that decreased dysbindin gene expression reduced mPFC CaMKII and CamKKb levels through chronic stimulation of D2-receptors pathways.
Chronic DA D2-receptor stimulation impairs working memory performance Chronic pharmacological stimulation of D2 receptors produced similar mPFC changes in CaMK components to those found in dysbindin mutant mice. Thus, to investigate whether some behaviors of the dysbindin mutant mice might also arise following chronic stimulation of DA D2-receptors pathways, we treated another group of naive B6 wild-type mice with vehicle or quinpirole (0.5 mg kg
À1
). After 12 days of daily injections, we tested these mice in the same behavioral tasks used for the dysbindin mice.
No drug treatment effect was seen on the number of days needed to acquire the working memory T-maze task (F 1,13 = 0.53, P = 0.48; Figure 5a ). During the habituation phase, vehicle-and quinpirole-treated mice readily learned to run quickly through the maze to retrieve the food reward (F 1,13 = 121.69, P < 0.0001; Figure 5b ). Thus, quinpirole treatment did not affect the acquisition of this working memory task, a departure from the results in the dysbindin-altered mice.
Mice were then tested under more demanding conditions, as previously described. Analysis of the percentage of correct choices at 4 and 30 s intra-trial delays revealed a genotype effect (F 1,26 = 8.18, P < 0.01), with quinpirole-treated mice showing worse performance compared with vehicle-treated littermates (P < 0.01; Figure 5c ). Thus, chronic D2 agonist administration resulted in some behavioral changes similar to those found in our dysÀ/À mice, but not all. However, under more challenging conditions, chronic quinpirole treatment impairs working memory performance analogous to that found in dysbindin mutant mice. 
PPI is increased in chronically quinpirole-treated mice
We found an effect of dysbindin genetic modification in both acoustic startle responses and PPI. Thus, we explored the startle response and PPI phenomenon in chronic vehicle-and quinpirole-treated B6 mice. Both vehicle-and quinpirole-treated mice showed the same acoustic startle reactivity to the 120-dB stimulus, and same levels of basal activity (F 1,12 = 0.06, P = 0.81; Figure 5d ). Quinpirole-treated mice displayed increased PPI as compared with vehicle-treated littermates with the prepulse sound levels of 82, 86 and 90 dB (P < 0.05; Figure 5e ). Thus, chronic hyperstimulation of DA/D2 pathways result in increased PPI responses in mice, as similarly found in dysÀ/À mice (Figure 1f ).
Hypoactive behavior but normal locomotor response to amphetamine in quinpirole-treated mice Dysbindin genetic modification increased locomotor activity and rearing behavior, thus we tested vehicleand quinpirole-treated B6 mice in the same open field arenas under the same conditions. During the first exposure to the apparatus, quinpirole-treated mice were less active than vehicle-treated littermates (Supplementary Figure 9) . Moreover, quinpirole-treated mice showed fewer rearing events as compared with vehicle-treated mice (Supplementary Figure 9) .
On the following day, during the first 10 min spent in the open field, quinpirole-treated mice were again less active than vehicle-treated littermates (Supplementary Figure 9 ). After these 10 min of baseline, amphetamine treatment (0.75 mg kg
À1
) produced a consistent quinpirole-independent increase in locomotor activity (Supplementary Figure 9) . Quinpirole-treated mice showed a decreased number of rearing events during the first 10 min (Supplementary Figure 9) . Immediately after the baseline portion of the test, amphetamine treatment produced an increase in rearing behavior in a quinpirole-treatment-independent way (Supplementary Figure 9) . Neither chronic quinpirole nor dysbindin mutation altered the effects of amphetamine, but chronic quinpirole produced a hypoactive phenotype in baseline conditions. In contrast, genetic disruption of dysbindin produced a hyperactive phenotype at baseline.
Discussion
Using a dysbindin null mutant mouse line derived from the sdy mouse, but transferred to a B6 inbred background, we have studied the impact of reduced dysbindin expression on behaviors, pharmacological responses, protein expression and layer II/III neural activity relevant to DA D2/pathways. Genetic mutation of the dysbindin gene affects (1) working memory and stress reactivity, (2) intracortical pyramidal cell excitability and (3) mPFC DA and CaMK systems. We also have demonstrated that dysbindin genetic disruption (1) modulates sensitivity to D2 agents and (2) produces some behavioral and molecular effects similar to those produced by direct pharmacological manipulation of the DA D2/pathways. See Supplementary Table 2 for a summary of the experiments performed. These results offer a potential mechanism for the association of DTNBP-1 and psychosis in humans.
Dysbindin, D2 and working memory
The dysbindin-deficient mice exhibited an improvement in acquiring, but impairment in performing a spatial working memory task. Dysbindin disruption results in an accumulation of DA D2, but not D1 receptors, on the plasma membranes of cortical neurons. 13, 14 Some studies had linked D2 receptors to working memory circuitry in monkeys and humans. 46, 47 Moreover, acute injection of a D2-receptor agonist into medial PFC in rats impaired whereas the antagonist sulpiride improved cognitive performance in a spatial U-maze task. 48 Here, we show similarly that chronic pharmacologic stimulation of DA/D2 pathways impairs working memory performance but not the acquisition of the T-maze task. Thus, these various results suggest that working memory deficits in dysbindin-1 mutant mice are due at least in part to their increased DA D2 signaling. The behavioral discrepancies between dysbindin mutant mice and chronic D2-treated mice might be related to dysbindin modulation of other neurotransmitters systems, such as glutamatergic signaling and NR2A trafficking. 2, [20] [21] [22] Alternatively, reductions in dysbindin may have different effects pre-and post-synaptically. There are multiple isoforms of dysbindin with differential pre-and/or post-synaptic localization.
1 Only a predominantly post-synaptic isoform, dysbindin-1C, is reduced in the dorsolateral PFC of schizophrenia cases. 11 Interestingly, working memory deficits were not present during the acquisition of the working memory task when long inter-trial intervals were used. Small deficits were seen when proactive interference, different delays and greater handling were used. Additionally, these working memory deficits were exacerbated by more stressful conditions. The ability to acquire this discrete paired-trial working memory T-maze task in mice depends on the mPFC. 33 Previous results suggested that, under baseline conditions, dysbindin mutant mice have reduced DA levels in cortico-limbic brain regions. 19 Moreover, recent microdialysis data further indicate that dysbindin mutant mice have decreased DA PFC levels as shown by a decreased releasable pool of DA but not serotonin in the PFC of these mice. 49 This may represent a compensatory effect in response to the increased density of D2 receptors on the surface of cortical neurons in dysbindin knockout mice, 14 or it may be an effect of Dtnbp1 on pre-synaptic DA release. 49 Thus, under less challenging conditions, the reduced DA levels in the dysbindin mutant mice may understimulate upregulated D2 receptors and thus not impair working memory acquisition. Indeed, reduced synaptic DA, in the context of increased D2-receptor abundance, may translate into optimal D2 DA signaling. Conversely, under more challenging and stressful situations, that in rodents increase PFC DA release, 38 the more abundant D2 PFC receptors in the dysbindin mutant mice might then become relatively overstimulated, ultimately impairing working memory performance. Further support for this formulation comes from our electrophysiological data and our data showing that dysbindin mutant mice are more sensitive to the effects of quinpirole in electrophysiological, startle reactivity and PPI experiments.
It is noteworthy that we previously found in this same mouse line a profile of effects on neuronal excitability in mPFC layer V that is different from our current findings in layers II/III. In layer V, which projects subcortically, we observed changes in interneuron but not pyramidal neuron excitability, both in baseline conditions and after D2 activation. 14 In the current study on layer II/III, the opposite pattern of effects was found. These alternative effects may reflect differences in the laminar distribution of D2 and D1 receptors in the mouse, 50 an indirect effect of PFC microcircuit abnormalities in other layers or in intrinsic homeostatic mechanisms related to cortical excitability. Neurons in the cortex have the ability to maintain synaptic or intrinsic excitability to maintain stable total firing rates. 51 Thus, homeostatic plasticity from chronic increases of D2 receptors in the dysÀ/À mice neuron surface may be engaged to enhance the baseline excitability of pyramidal neurons in layer II/ III and reduce the baseline excitability of interneurons in layer V. Alternatively, the differences in excitability between layer II/III and V might be related to the role played by dysbindin in the more general homeostatic modulation of neurotransmission. 21 In particular, this may have a more important role in regulation of excitability in layer II/III as the source and termination of cortico-cortical connections, and thus in the formation and maintenance of cognitive networks, compared with layer V pyramidal cells, which project cortico-fugally. In addition, it has been reported that the inhibitory effect of DA on PFC pyramidal cells exerted indirectly by D1 receptors on Dysbindin and D2-mediated effectsFS cells can be reversed by D2 agonists apparently acting on those same cells. 52, 53 There is a possibility that the effect of dysbindin reduction on dopaminergic transmission in the PFC may be to alter the balance of functional interactions between D2 and D1 receptors, which are both expressed in pyramidal and FS GABA cells. 54 Despite decades of research, the neural circuit abnormalities underlying schizophrenia remain elusive. Recent neuroimaging 55, 56 and EEG 57 studies suggest that functional connectivity between the PFC and the hippocampus, is abnormal in schizophrenia patients. However, it remains unclear how such findings relate to genetic factors, such as the dysbindin gene. In the present study, the impaired spontaneous excitatory post-synaptic currents in both pyramidal and FS neurons of layer II/III may be viewed as a potential microcircuit pathophysiological mechanism of altered cognitive functions. Future investigation might focus on this intriguing phenomenon.
Dysbindin modulates sensitivity to D2 agents
We have observed that the dysbindin null mutation affected molecular and behavioral responses to D2 pharmacological agents. Compared with pyramidal neurons of dys þ / þ mice, dysÀ/À pyramidal neurons displayed a much larger decrease in neuronal firing after acute treatment of a D2 agonist. It has been reported that D2 activation induces a concentrationdependent decrease in the excitability of pyramidal cells. 45 Thus, upon acute activation of D2, dysÀ/À pyramidal neurons in layer II/III may exhibit a more marked decrease in firing rate due to their increased expression of D2 receptors on the cell surface.
Similarly, we show that the D2 agonist quinpirole decreased startle and PPI primarily in the dysbindin mutants. In contrast, the D2 antagonist eticlopride increased startle and PPI in dys þ / þ only, producing minimal effects in dysbindin mutants. In agreement, earlier work has shown that acute D2 inhibition increases, whereas acute D2 stimulation decreases startle amplitude and PPI in rodents. 58, 59 Similarly, in healthy humans, the D2 DA agonist bromocriptine produces a reduction in PPI that can be blocked by coadministration of the D2 antagonist haloperidol. 40 Thus, the higher sensitivity to the D2 agonist effects and the higher resistance to the D2 antagonist effects in dysbindin mutant mice further implicate the role of increased D2 signaling dependent on dysbindin genetic disruption in startle amplitude and PPI. Moreover, these results strongly suggest that these behaviors are dependent on D2 pathways and support previous conclusions implicating a prominent role of D2 receptors in regulating sensorimotor gating. 58 In contrast to the effect of acute quinpirole injections, chronic D2 stimulation from quinpirole treatment increased PPI, and chronic D2 stimulation from the dysÀ/À mutation increased both startle amplitude and PPI. Similarly, acute injection of eticlopride in our wild-type mice increased startle amplitude, whereas chronic genetic disruption of D2 receptors decreased it. 60 Thus, these results demonstrate that D2 pathways have opposite effects on startle and PPI with acute or chronic stimulation/inhibition. It is noteworthy that dysÀ/À mice show features reminiscent of other schizophrenia models in animals, but do not show the typical PPI phenomenon. Acoustic startle and PPI are thought to be distinct behavioral responses with distinct mechanisms. 61 Even though the increased startle should not interfere with the PPI levels, a change in sensitization could be relevant to the increased PPI and cannot be conclusively discounted.
In contrast to the other behavioral effects, the dysbindin/D2 link with locomotor activity is less clear. Although dysbindin mutant mice were hyperactive, chronic quinpirole treatment produced a strong suppression of such locomotor activity. It is well established that systemic acute and chronic stimulation or disruption of D2/pathways in mice decreases locomotor activity. 62, 63 Thus, it is not surprising that chronic injection of a D2 agonist produced hypoactive behavior. Instead, the hyperactive phenotype found following dysbindin disruption might involve more fine and region-specific alteration of the DA D2/pathways or non-dopaminergic effects of the dysbindin defect.
Dysbindin, D2 and CaMK Dysbindin mutant mice had reduced levels of CaMKII and CaMKKb in their mPFC but no changes of other CaMK components, such as CaMKIV and CaMKKa. Chronic treatment with the D2 agonist produced the same decrease in CaMKII and CaMKKb levels, indicating that these molecular changes in dysbindin mutant mice are dependent at least in part on their increased D2 signaling. It has been shown that pharmacologic D2 stimulation increases intracellular Ca 2 þ , activates CaMKII and decreases the CaMdependent phosphorylation of striatal membranes. 28, 64 Also, a direct protein-protein interaction between CaMKII and limbic D3 receptors has been demonstrated. 26 Thus, these findings point to an important role played by DA D2-like receptors in the regulation of specific CaMK components.
Because of the CaMK involvement in learning and memory processes, 24 and the mPFC dependence of the T-maze task used, 33 the changes we found in the mPFC of our mice might be one of the mechanisms through which changes in D2 signaling produce the working memory phenotypes. In support of this, and analogous to our findings in dysÀ/À mice, faster learning of this same mPFC-dependent T-maze task in COMTÀ/À mice correlated with reduced CaMKII levels and, conversely, slower learning of COMT Val-tg mice correlated with increased CaMKII protein immunoreactivity. 27 Regarding task performance with different delays after acquiring the T-maze task, COMTÀ/À mice with improved working memory performance, manifest increased mPFC CaMKKb levels, 27 whereas both dysÀ/À and quinpirole-treated mice, which have working memory performance deficits, had decreased mPFC CaMKKb. Further support for these relationships comes from the observation that CaMKKb null mutant mice present spatial memory deficits, but normal hippocampal-dependent contextual, fear and passive avoidance memory. 65 In conclusion, the present study demonstrates that dysbindin null mutant mice on a B6 background represent an interesting model of dysbindin downregulation and D2 upregulation, unraveling the impact of DA/D2 pathways on discrete working memory functions, startle and stress reactivity, PPI, locomotor activity and mPFC neural activity and implicating a molecular mechanism for the association of dysbindin with psychosis and cognitive deficits. We have further revealed a previously unexpected role of dysbindin in CaMK regulation in the mPFC. These results thus indicate that genetically induced reductions in dysbindin can impact cognition via an effect on DA/D2 mechanisms in the rodent homolog of the dorsolateral PFC, and thus help clarify how such reductions can promote cognitive deficits and psychosis in schizophrenia.
